Background: Wolfram syndrome is a rare genetic, progressive, neurodegenerative disorder characterised by childhoodonset diabetes mellitus, diabetes insipidus, optic atrophy and deafness. To date, the economic burden of Wolfram syndrome has not been well-studied or reported. The aim of this study was to evaluate the cost of illness (COI) of all people with Wolfram syndrome in the UK and to identify major determinants of cost from a service provider perspective (National Health Service, NHS). Methods: A prevalence-based approach was used to model the UK Wolfram syndrome specialist service. Model inputs were informed by a pragmatic literature review and UK reference costs, in conjunction with patient interviews and expert opinion. A deterministic sensitivity analysis (DSA) was run at 10% to identify major cost drivers. Results: The total COI of all people with Wolfram syndrome to the NHS was £1,055,899 per year, with an average annual cost per person with Wolfram syndrome of £16,498. Costs associated with diabetes mellitus care, late-stage diabetes mellitus complications and hearing impairment contributed most to the COI (18.9, 21.4 and 15.8% of the COI, respectively). The DSA identified costs associated with hearing impairment, diabetes mellitus care and end-stage renal disease (a diabetes mellitus complication) as major model drivers. Conclusions: The annual cost of Wolfram syndrome to the NHS was found to be substantial, with areas of potential cost savings identified, such as diabetes mellitus management. This model provides crucial information to facilitate economic evaluation of prospective therapies for this disease.
Background
Wolfram syndrome is a rare, progressive, neurodegenerative disorder with an estimated UK prevalence of 1 in every 770,000 individuals [1] . This multisystem disease is characterised by 4 hallmark features: diabetes insipidus (DI), diabetes mellitus (DM), optic atrophy (OA) and deafness (D). These features give Wolfram syndrome its alternative name, DIDMOAD [2] . In addition to these hallmark DIDMOAD symptoms, patients often manifest a number of other symptoms, including psychiatric problems and neurologic abnormalities [2, 3] .
Wolfram syndrome is a recessive genetic disorder, with two genetic types. People with Wolfram syndrome type 1 comprise almost all Wolfram syndrome cases. In these individuals, Wolfram syndrome is caused by mutations in the WFS1 gene [1] , which encodes the protein wolframin. Wolframin has many roles in the regulation of cellular processes such as cell death, protein folding and insulin production, and is a regulator of the unfolded protein response and endoplasmic reticulum calcium homeostasis [1] . A small number of Wolfram syndrome patients have Wolfram syndrome type 2, which is caused by mutations in the CISD2 gene [1] . This gene encodes a protein found in the outer membrane of mitochondria [1] . Wolfram syndrome type 2 is prevalent in a distinct founder population in Jordan, who suffer similar symptoms to people with WFS1 mutations, but with upper gastrointestinal ulcers and a bleeding disorder rather than DI and psychiatric disorders [2] . Individuals with Wolfram syndrome typically present with one or more of the main DIDMOAD symptoms, and diagnosis is confirmed by genetic testing of the WFS1 gene; the CISD2 mutation is not commonly screened for [1] . Typically, the earliest symptom is childhood-onset DM from age 6, followed by OA from age 11 and blindness by age 18-19 [2, 3] . The life expectancy of people with Wolfram syndrome was thought to be only 30 years; however, it is now known that some individuals live well into middle age [2, 4] . Data from the National Health Service (NHS) England highly specialised multidisciplinary service for Wolfram syndrome show that the median age of adults attending the specialised service is 37 years, with the oldest patient being 62 years. Death is commonly due to neurodegenerative atrophy of the brain stem [5, 6] .
At present, there is no cure or disease-modifying treatment for Wolfram syndrome; the focus is only on the management of symptoms through existing treatments. NHS England highly specialised multidisciplinary services for Wolfram syndrome (paediatric and adults) are available at specialist centres in Birmingham, UK (Birmingham Women's and Children's Hospital and Queen Elizabeth Hospital, respectively). These specialist services allow monitoring of disease progression, provision of treatments, advice regarding symptom management and participation in registry studies and clinical trials.
To date, the economic burden of Wolfram syndrome has not been well-studied or reported. As yet, there are no published cost of illness (COI) studies investigating Wolfram syndrome. Such studies are an important first step in understanding the current resource use and to inform the UK's NHS resource allocation. COI studies can be a valuable addition to the evidence base in rare and neglected genetic conditions, and help to provide support for the research of new treatments.
The purpose of this study was to estimate the COI of Wolfram syndrome to the NHS and Personal Social Services, based on the treatment pathway followed by patients receiving NHS care, typically at the specialist centres for children and adults in Birmingham. The key cost and clinical inputs of the model are highlighted and the factors leading to the largest contribution to annual costs are discussed.
Methods
A COI model was developed in Microsoft Excel® 2016 (Microsoft, Redmond, Washington) to calculate the annual direct costs to the NHS and Personal Social Services incurred by all individuals diagnosed with Wolfram syndrome in the UK at the time of the model development. A prevalence-based approach was used to estimate the annual cost associated with the diagnosis of Wolfram syndrome, the treatment of Wolfram syndrome symptoms and the running of the Wolfram syndrome specialist services at the Birmingham Children's Hospital and Queen Elizabeth Hospital.
The treatment pathway was divided into diagnosis and referral processes, running of specialist services and treatment of symptom groups (Fig. 1) . The typical 'per person with Wolfram syndrome cost' for each of these resources was calculated by multiplying the expected resource use with the unit cost. Resource use was defined as the use of healthcare staff time, facilities, or consumables such as medicines. The unit cost refers to the cost per 'unit' of resource, e.g. the cost per consultation, cost per hour of nursing time, cost per blood test or cost per box of medicine. The 'per person with Wolfram syndrome cost' was then multiplied by the number of individuals expected to require the resource in question, with the expected service utilisation based on the age group distribution of affected individuals and the symptoms expected in each age group. The number of patients expected to have a particular symptom was estimated by excluding any patients younger than the median age of symptom onset. The total COI was calculated by summing costs for each service, i.e. diagnosis and referral, specialist services and treatment of symptom groups.
Model inputs
Clinical inputs, such as the number of children and adults diagnosed with Wolfram syndrome and the age distribution of Wolfram syndrome patients, were sourced from published literature, routine data from Wolfram specialist centres and clinical experts (Table 1 and Fig. 2 ) [2] [3] [4] .
Based on routine records from the Birmingham Children's Hospital, there were at least 64 individuals diagnosed with Wolfram syndrome at the time of the COI model development. Nine further paediatric patients are expected to be newly diagnosed and seen at the specialist centre at Birmingham Children's Hospital annually. Each year, 15 paediatric patients and 14 adult patients are seen as follow-up patients at specialist clinics. In addition, 7 previously diagnosed paediatric patients are expected to transition to adult services at the specialist centre at Queen Elizabeth Hospital each year. These numbers are averages based on audit data for patients seen at Wolfram syndrome specialist clinics from March 2014 to November 2015. Individuals in the UK are typically diagnosed with Wolfram syndrome type 1 and thus individuals with Wolfram syndrome type 2 were not considered in this model.
The services and resource use required for diagnosis, annual review and management of symptoms were obtained from published literature, as well as clinical experts from the specialist Wolfram centre at Birmingham Children's Hospital (Table 2) . Unit costs were derived from NHS Reference Costs (2015-16) [19] , British National Formulary (BNF, 2016) [14] , Personal Social Services Research Unit 2016 [25] and the literature. A small number of unit cost inputs were estimated from expert opinion (Professor Timothy Barrett) in the absence of published inputs. All clinical inputs were verified by clinical experts at the specialist Wolfram centre at Birmingham Children's Hospital. Feedback from these experts was obtained via face-to-face meetings and questionnaire completion. Where applicable, all costs were inflated to correspond to 2016 costs. Wolfram syndrome and its associated treatments were assumed to have no effect on mortality: a mortality rate of 0% was applied to all patients and procedures.
Deterministic sensitivity analysis
A univariate DSA was carried out to assess the sensitivity of the model results to variations in each of the model inputs. The values of the parameters were varied, one at a time, by ±10% to assess the impact of these changes on the total annual COI estimated by the model. The parameters were ranked in order of largest to smallest impact on costs when varied. These parameters represent the 'cost drivers' of the model.
Results

Cost of Wolfram syndrome
The estimated annual costs for people with Wolfram syndrome are shown in Fig. 3 . The total annual COI to the NHS was £1,055,899 per year, and the average cost of Wolfram syndrome to the NHS per person with Wolfram syndrome per year was £16,498. The costs of treatment of symptoms (£935,350) represented 88.6% of the total costs, with the greatest annual costs being associated with DM care (£199,640; 18.9%) and the treatment of late-stage DM complications (£225,459; 21.4%).
Costs considered for DM care included the costs of insulin treatment, consultations with endocrinologists, diabetes specialist nurse services, diabetes education, gastrointestinal examinations, dietician appointments and inpatient care for ketoacidosis and severe hypoglycaemic events. Twelve late-stage complications, such as myocardial infarction, end-stage renal disease, neuropathy and major hypoglycaemic event, were included in the model [10] . Hearing impairment care was also a key contributor to costs: the annual costs associated with hearing impairment care made up 15.8% of the total annual costs of all Wolfram syndrome patients (Fig. 3) . As a percentage of the total annual costs of Wolfram syndrome patients, the remaining annual costs related to treatment of symptom groups were: 10.0%, visual impairment care; 9.2%, neurological care; 7.1%, psychological/psychiatric care; 5.3%, renal/neurogenic bladder care; and 0.9%, DI and other endocrine disorders care.
The costs of diagnosis and referral to specialist centres (2.9% of total costs), and the costs of providing specialist services (8.5% of total costs; this includes the cost of annual review services, the cost of running specialist centres and the cost of transition services for children when transferring to adulthood) only contributed to a minor proportion of the total costs.
Deterministic sensitivity analysis
The DSA identified costs associated with hearing impairment and DM as major drivers in the model (Fig. 4) . Proportion of patients with learning difficulties 0. 24 Rohayem et al. 2011 [8] Incidence estimates used in the model were calculated by adjusting cumulative incidence rates to incidence per patient per year. DI diabetes insipidus, DM diabetes mellitus, NCGC National Clinical Guideline Centre, OA optic atrophy, SNHL sensorineural hearing loss, UTI urinary tract infection Urodynamic studies, adult services £134.75 [19] As above Urology review, paediatrics £114.81 [19] As above Urology review, adult services £99.79 [19] As above
Urine dipstick £1.18 [19] As above
Intermittent self-catheterisation, mean annual cost £2771.58 [12] Annual cost for patients managed by clean intermittent selfcatheterisation [12] As above Indwelling catheter £5.22 [12] 7 indwelling catheter changes per patient per year with indwelling catheter [22] As above
Catheter leg bag £2.39 [22] 60 drainage bag changes per patient per year with neurogenic bladder [22] As above
Catheter drainage bag £1.10 [22] As above
Annual cost of symptomatic UTI £40.06 [12] Annual cost for patients with different forms of UTI and urethral complication
As above
Annual cost of first-line antibiotic resistant UTI £60.42 [12] As above Annual cost of multidrug resistant UTI £2232.50 [12] As above
Annual cost of bacteraemia secondary to UTI £3535.95 [12] As above Annual cost of urethral complication £1402.07 [12] As above
Mental health care initial assessment £257.59 [19] 1 appointment per patient after symptom onset [30] As above Community mental health care, adult £120.61 [19] 1 appointment per patient per year after symptom onset [30] As above Inpatient treatment of psychiatric disorders, per bed day £390.20 [19] 15 days review period per patient [30] As above
Rehabilitation of psychiatric disorders £377.77 [19] 1 appointment per patient per year after symptom onset [30] As above Physiotherapy, first appointment £56.60 [19] As above Physiotherapy, follow-up £45.86 [19] As above Speech and language therapist, first appointment £87.04 [19] As above Speech and language therapist, follow-up £99.32 [19] As above
Occupational therapist, first appointment £142.11 [19] As above
Occupational therapist, follow-up £58.25 [19] As above
Clinical physiology, first appointment £76.39 [19] As above
Clinical physiology, follow-up £51.58 [19] As above Gastroenterologist, first appointment £164.54 [19] As above Gastroenterologist, follow-up £132.50 [19] As above Wheelchair, assessment, paediatric £309.04 [19] As above Wheelchair, equipment, paediatric £485.57 [19] As above Wheelchair, maintenance, paediatric £66.47 [19] As above Wheelchair, review, paediatric £249.11 [19] As above Wheelchair, assessment £247.21 [19] As above Wheelchair, equipment £167.64 [19] As above Wheelchair, maintenance £60.03 [19] As above Wheelchair, review £151.66 [19] As above Psychological/psychiatric care
Community mental health care, paediatric £242.38 [19] 12 appointments per patient with symptoms per year [30] NHS Reference Costs 2015-2016 [19] Patient experience (Wolfram Focus Group), 2016 [30] The results from the COI model were robust to uncertainty in the input parameters, as the total costs stayed within ±1.5% of the original point estimate, even when the most influential model inputs were varied by ±10%. These inputs are listed in Table 3 .
Discussion
Despite being a rare disease affecting fewer than 100 individuals in the UK, the current COI model found that Wolfram syndrome costs the NHS over £1 million annually. The model consolidated information on the disease and treatment pathway from a variety of sources, including care providers, medical experts and national statistics. The costs identified were across all areas of care, from diagnosis, to standard care and late-stage complications. This reflects the multisystemic and progressive nature of Wolfram syndrome, as well as the many various tests, screening and multidisciplinary interventions required by individuals throughout their lives [1] . The combination of this and the range of debilitating symptoms has a profound impact on health, quality of life and caregiver burden. The annual cost per person with Wolfram syndrome estimated by the COI model (£16,498) is roughly comparable with COIs previously estimated for other ultrarare diseases, although the COI varies widely between diseases [5, 31] . A COI study of Niemann-Pick disease (NPD), an ultrarare disease with a prevalence of 1:150, 000 [32] , estimated the average annual UK cost per person with NPD to be £18,012 in 2008 [33] . COI studies for other rare diseases have also been reported, including for cystic fibrosis (CF), where the annual direct treatment costs per person with CF reported ranged from Mental health care initial assessment £257.59 [19] 1 appointment per patient after symptom onset [30] As above
Community mental health care, adult £120.61 [19] 1 appointment per patient per year after symptom onset [30] As above Inpatient treatment of psychiatric disorders, per bed day £390.20 [19] 15 days review period per patient [30] As above
Rehabilitation of psychiatric disorders £377.77 [19] 1 appointment per patient per year after symptom onset [30] As above €7108 to €51,551 in 2010, depending on country, age of patients and advances in standard of care [5, 31] . A key result of the Wolfram syndrome COI study is the identification of DM management as a major cost driver, which highlights the need for effective treatments which could potentially mitigate such consequences. The current lack of proven treatment options means that there is an imminent need for effective interventions to slow down or halt the progression of this life-shortening disease [2] . As with any rare disease, future directions for the treatment of Wolfram syndrome include investigations into drug repurposing, as well as novel drug development. One example is sodium valproate, which has shown promise for the treatment of Wolfram syndrome in experimental models [34] by mitigating the consequence of low levels of wolframin protein in people with Wolfram syndrome [35] . In cells that would ordinarily have high levels of wolframin, such as those in the pancreas or brain, the reduction in wolframin causes increased levels of cell death (apoptosis). Sodium valproate may reduce apoptosis in these wolframin-deficient models, in doing so slowing progression or ameliorating some symptoms of Wolfram syndrome [35] . Limiting disease progression would reduce the symptomrelated costs and therefore reduce the economic burden, motivating further studies into sodium valproate as a potential Wolfram syndrome treatment.
Since the early 2000s, there has been a considerable increase in expenditure on research and development into treatments for rare diseases, likely aided by regulatory frameworks such as the Orphan Medicinal Products Regulation (2000) in the EU [36] . Despite this drive to develop new treatments for rare diseases, there is a lack of robust clinical, economic and epidemiological data for most rare diseases [31] . This limits the knowledge of the existing unmet need, and therefore the potential realworld impact of new treatments, including their likely effect on healthcare budgets if those treatments are introduced. Wolfram syndrome is no exception in terms of the lack of existing data in the literature. To our knowledge, this is the first COI model to be developed for this condition, providing a much-needed estimate of the healthcare burden of Wolfram syndrome in the UK, while also incorporating an expert-informed evaluation of the steps and resources involved in the care of individuals with this rare disease.
The lack of published COI data emphasises the need for studies such as this, but in turn means that there was a limit on the number of published sources from which to derive and verify inputs into the model. Expert opinion from the specialist centre at the NHS Wolfram Syndrome Service (Birmingham Children's Hospital) was utilised to gain knowledge of factors not covered in the public domain to account for this lack of published data. By using this Wolfram syndrome expertise to inform the selection of model parameters, there can be greater confidence in the accuracy of estimates of the annual cost of Wolfram syndrome disease. However, with fewer than 10 new individuals with Wolfram syndrome diagnosed per year, the age distribution of affected individuals can vary year-on- (Fig. 2) , which will affect the symptoms and disease progression stages observed in clinical practice in any given year. Given this variability in age distribution, the use of the median age of symptom onset to estimate the number of individuals with a particular symptom could result in an underestimation of the number of complications in the Wolfram syndrome population. However, this is unlikely to have substantially impacted the model results, given that median ages of onset were not found to be within the top twenty cost drivers in the model (Fig. 4) . All individuals in the model are assumed to have Wolfram syndrome type 1; individuals with Wolfram syndrome type 2 would slightly differ symptomatically, however, these individuals are not typically seen in the UK setting and thus this assumption is unlikely to bias the results. It is also possible that some of the patients diagnosed with Wolfram syndrome may have been misdiagnosed and therefore should not have been considered by this study.
The model considers a healthcare payer perspective, and therefore only represents the direct costs of Wolfram syndrome to the NHS. This is a clear limitation of the study as the substantial burden of the disease on affected families, and the resulting costs to them as well as wider society, were not included in this model (for example, costs associated with provision of teaching support for the visually impaired in schools or attending colleges for the blind). However, inclusion of indirect costs was deemed impractical for this study due to a lack Intermittent self-catheterisation, mean annual cost £2771.58 NCGC Infection prevention and control, 2012 [12] DM diabetes mellitus, NCGC National Clinical Guideline Centre, NHS National Health Service of available information to determine appropriate study inputs. Establishing an effective treatment regimen for each individual can be a slow and time-consuming process. Costs associated with lost time, such as lost earnings, were not included in the model. A focus group of individuals with Wolfram syndrome highlighted that a major financial cost to families is loss of working hours, often due to extensive time off for illness, appointments and caring responsibilities [30] . Furthermore, frequent travel, in addition to accommodation may incur significant out-of-pocket expenditure for parents and carers. The existence of centralised services such as the Birmingham centre is valuable to both researchers and patients alike, as specialist centres are likely to offer a setting for rare disease research as well as to help standardise the treatment strategies and improve the overall standard of healthcare provided to those with the disorder.
It is important to highlight that the limitations noted above are common to all COI models that only present a healthcare payer perspective. As the first COI model developed for Wolfram syndrome, it represents a crucial step forward in understanding the true cost of this disease to the NHS. The model accurately reflects the diagnosis process and symptom progression followed by these patients, as validated by clinical experts. The model provides a detailed view of the cost of this illness and offers a novel tool to aid in identifying potential areas of cost savings.
A number of potential policy implications come with the publication of this Wolfram syndrome COI data. Both the UK Strategy for Rare Diseases [37] and the EU-supported RARE-Bestpractices program [38] have indicated the value in undertaking research to address the gaps in knowledge and to help to define the best care pathways for rare diseases. Results from health economic studies such as this one can inform evidence-based policies, and as a result, help to ensure that patients across the UK and beyond receive the same, high quality standard of care.
Conclusions
This study is the first COI model for Wolfram syndrome and provides important information to facilitate economic evaluation of prospective therapies for this disease. The costs associated with DM care and late-stage complications of DM, hearing impairment and visual impairment made the greatest contribution to the final COI. These findings add much-needed information to a scarce evidence base, although additional research into the indirect costs associated with this disease is recommended.
